Insight into the function and regulation of biological molecules can often be obtained by determining which cell structures and other molecules they localize with (i.e. colocalization). Here we describe an open source plugin for ImageJ called EzColocalization to visualize and measure colocalization in microscopy images. EzColocalization is designed to be easy to use and customize for researchers with minimal experience in quantitative microscopy and computer programming. Features of EzColocalization include: (i) tools to select individual cells and organisms from images; (ii) filters to select specific types of cells and organisms based on physical parameters and signal intensity; (iii) heat maps and scatterplots to visualize the localization patterns of reporters; (iv) multiple metrics to measure colocalization for two or three reporters; (v) metric matrices to systematically measure colocalization at multiple combinations of signal intensity thresholds; and (vi) data tables that provide detailed information on each cell in a sample. These features make EzColocalization well-suited for experiments with low reporter signal, complex patterns of localization, and heterogeneous populations of cells and organisms.
In this study, an open source plugin for ImageJ called EzColocalization was developed so that researchers at all levels of proficiency can visualize the localization of signals and measure colocalization via an easy-to-use graphical user interface (GUI). The first part of the study describes EzColocalization, and the second part demonstrates its use for different sample types and for resolving common issues that prevent rapid and robust quantitative measurements of colocalization. EzColocalization can measure colocalization in cells, tissues, and whole organisms (e.g. Caenorhabditis elegans and Drosophila embryos); and the software is especially helpful where automation and customization is required, to obtain individual cell measurements in samples with many cells, and for reporters with low signal or low specificity.
Methods and Materials
EzColocalization development. The code for EzColocalization was written in Eclipse Java Integrated Development Environment (IDE) release 4.3.0 20 , which is a workspace for writing code and detecting compiling errors in Java TM . EzColocalization incorporates ImageJ Application Program Interfaces (APIs) available from the National Institutes of Health, U.S. Department of Health and Human Services. An environment builder was used so that code written in the IDE ran in an instance of ImageJ as a plugin. This builder was implemented with Java Development Kit 8 21 and the ImageJ source code within the IDE. The WindowBuilder 22 plugin for the IDE was used to design and generate the code for the GUI, and the code produced was restructured and revised to improve readability, and add listeners, which obtain user inputs from the GUI for running the plugin.
The basic level of organization of the code for EzColocalization are "classes". Classes are separated blocks of code that represent a set of methods and variables; a class may be devoted to performing calculations which share code or calculations that are most conveniently performed together. Classes with related operations are grouped into a higher level of organization termed "packages". For example, a class that generates heat maps and a class that displays heat maps may be bundled into the same package. The classes and packages are described in detail in the Supplementary Information. Many processes within EzColocalization are performed as background computing, and thus the results of some classes, which are intermediates in longer methods, are not displayed and cannot be interacted with via the GUI.
Testing of EzColocalization. EzColocalization was tested on images from experiments and on modified images created to test specific issues (e.g. misalignment). Unpublished images of bacterial cells (HL6187) were used to illustrate the different modules of EzColocalization (Figs 1-4)
. These bacteria had plasmid pHL1392 in strain HL3338 23 . pHL1392 has the ampicillin resistance gene, ColE1 origin, and the green fluorescent protein (GFP) fused to part of the sodB gene and transcribed from the PLlacO-1 promoter. The sources of the images used for the application experiments are stated in the relevant Results section. Note: images presented in the figures are cropped so that it is easier to see individual cells.
Download and installation.
For users without ImageJ, the first step is to download and install the ImageJ application from: https://imagej.nih.gov/ij/download.html. The next step is to download the EzColocalization plugin from: http://sites.imagej.net/EzColocalization/plugins/. When saving the file, the user should delete the timestamp at the end of the name of the EzColocalization file. For example, a version named "EzColocalization_. jar-20180716210728" should be renamed as "EzColocalization_.jar". Once the plugin has been renamed "EzColocalization_.jar" it can be moved into the "plugins" folder of ImageJ to install it. Alternatively, users can install it by running ImageJ, selecting "Install…" from the "Plugins" menu of the menu bar, and then selecting the renamed file to install. To use EzColocalization, run the ImageJ application (open "ImageJ.exe" in the ImageJ folder) and choose "EzColocalization" from "Plugins" on the menu bar. For those using Fiji, the EzColocalization update site can be followed according to the instructions at https://imagej.net/Following_an_update_site.
Results
Overview of EzColocalization workflow. The workflow for EzColocalization is divided into four modules each with its own tab on the GUI. The tabs are: (i) "Inputs" where images, masks or regions of interest (ROI) lists are selected and aligned; (ii) "Cell Filters" where cells can be selected based on physical features and signal intensity; (iii) "Visualization" where heat maps, scatterplots, and metric matrices (defined below) are created; and (iv) "Analysis" where the colocalization metrics and outputs are chosen. Not all modules and not all processes within a module have to be used. Some tabs have a "Preview" button to run a specific module instead of the "Analyze" button which runs all selected processes in all modules.
Inputs.
Image files, which are chosen in the "Inputs" tab (Fig. 1A ), must be: (i) monochromatic (i.e. not RGB or CMYK formats); (ii) 8-bit, 16-bit, or 32-bit; and (iii) in a format such as TIFF that retains the original pixel intensity values. Large images may be compressed for file transfer using a lossless format such as ZIP or LZW, and then decompressed for analyses. In addition to images, EzColocalization can accept masks and ROI lists for cell identification (see below). If there are multiple images for each channel, the images should be stacked for more efficient analysis in the "Stack" menu (see ImageJ guide for further details 24 ). Images in a stack may be different fields of view or a time series, but must have the same dimensions, magnification and image order for each channel. The input tab also provides options for setting thresholds for signal intensity and aligning misaligned images from different channels (Fig. 1B and Supplementary Information). Recommendations for acquiring suitable images for colocalization analysis are provided in the Supplementary Information. Note: alignment operates on the assumption that an appropriate threshold for signal intensity can be chosen to distinguish pixels inside and outside of cells; if thresholding includes areas outside the cell or only a limited area within cells, then the alignment may not function properly. For this reason, all alignments should be checked by visually by examining the ROIs to confirm that appropriate cell areas are selected. EzColocalization is primarily designed for one "cell identification" channel and two or three "reporter" channel images. However, it can operate with other input combinations (Table S1 ). The cell identification channel is used to identify individual cells, and consequently to distinguish intracellular and extracellular pixels. The cell identification channel can be any type of image that permits identification of the cell boundaries including: light microscopy images (e.g. phase contrast 25, 26 and bright-field), images with a reporter that labels the cell membrane or that is throughout the cytoplasm (e.g. Cy5, Fig. 1B ), and images with an extracellular dye that outlines cells. Differential interference contrast (DIC) images create shadows that make it difficult for automated selection of cells using threshold methods 27 ; therefore for DIC images we recommend that ROIs be created using the "selection tools" in ImageJ to manually outline cell areas, and then adding them to a list by choosing "Add to Manager" (in "Selection" submenu of the "Edit" menu). Once the ROIs for all cells of interest in an image are selected, a binary mask can be created using the "Clear Outside" and "Autothreshold" functions of ImageJ.
Cell Filters. The "Cell Filters" tab is used to help select cells in images ( Fig. 2A) and distinguish intracellular and extracellular pixels. Cells are identified by: (i) choosing one of the ImageJ threshold algorithms 24 , or manually selecting the thresholds (which is done by selecting "*Manual*" from a drop-down list in the Inputs tab and pressing the "Show threshold(s)" button), to identify regions corresponding to cells in the cell identification channel (Fig. 2B) ; (ii) using watershed segmentation to separate touching objects in the cell identification channel images (optional) (Fig. 2B) ; (iii) selecting objects from the cell identification channel images based on physical parameters (Fig. 2C ) and signal intensity (Fig. 2D ). EzColocalization will attempt to automatically detect whether input images have dark or light background using skewness. Assuming there are more pixels in the background than in the cells, an image with positive skewness indicates a dark background and negative skewness indicates a light background. Users can also manually select whether the input images have dark or light background in the "Parameters…" options of the "Settings" menu. Cells that are only partly within an image, and therefore could provide misleading values, are automatically removed from analyses.
EzColocalization has one optional "Pre-watershed filter" and eight optional post-watershed filters (with the option to select more). Watershed segmentation can aid the separation of dividing and touching cells 28 but it can also divide large objects such as aggregates of extracellular material into smaller fragments that are the same size as cells. To avoid the latter, the Pre-watershed filter can be used to exclude objects with large areas from the analysis. The Preview button in the Cell Filters tab allows users to see which objects on the current image will be selected when the minimum and maximum bounds of all the filters are adjusted. There are two classes of parameters for the post-watershed cell filters (Table S2 ): (i) physical parameters based on measurements from the cell identification channel; and (ii) signal intensity parameters from the reporter channels. Physical parameters apply to all channels whereas signal intensity parameters apply only to the reporter channel for which they are selected (because reporters may have very different levels of signal). In addition to filtering based on predefined options in ImageJ, EzColocalization has filters for the "MeanBgndRatio" or "MedianBgndRatio", which are calculated by dividing the mean or median signal intensity of pixels inside an object by the respective mean or median signal intensity of extracellular pixels.
Visualization. The "Visualization" tab displays signals or metrics in cells as: (i) "heat maps"; (ii) scatterplots;
and (iii) "metric matrices" (Fig. 3A) . Heat maps are pseudocolor images that show the relative magnitude of reporter signals (Fig. 3B ). They are generated by normalization and rescaling so that the minimum and maximum pixel values are 0 and 255 respectively (Fig. 3C) . This relationship is important in choosing the appropriate colocalization metric (Supplementary Information). Scatterplots can also reveal heterogeneity in the localization patterns 8 , which may require removal of background pixels or separate analyses for different cell types.
Metric matrices provide an overview of localization patterns by showing the calculated values of a colocalization metric for many threshold combinations. Metric matrices for the threshold overlap score (TOS) have been shown to be useful for the analysis of localization patterns for two reporter channels 8, 15 (Fig. 3D ). For completeness, EzColocalization has the option to calculate metric matrices for two reporter channels using five other metrics: threshold overlap score with logarithmic scaling 8 , Pearson correlation coefficient (PCC), Manders' colocalization coefficients (M1 and M2), Spearman's rank correlation coefficient (SRCC), and intensity correlation quotient (ICQ) 8, 15 . Colocalization for three channels can also be measured using ICQ, Manders' colocalization coefficients and TOS 29 (Supplementary Information). Thresholds for all metrics are measured as the top percentile (F T ) of pixels for signal intensity 8, 15 . For example, F T = 0.1 is the 10% of pixels with the highest signal. For the metric matrices, F T is also used to specify the step size for the threshold combinations. That is, F T = 0.1 also selects thresholds for the 10%, 20%, …, and 100% of pixels with the highest signal. If F T does not divide evenly into 100, then the remaining percent is the last step size. For metrics that do not need a threshold (i.e. PCC, SRCC, and ICQ) the values are calculated assuming that only the pixels above the thresholds exist. The metric matrix window has options for the results to be saved as text or image, for changing the F T or type of metric, viewing individual cell metric values as a list, and calculating the mean, median or mode of the metric for each threshold combination. The "Proc" (processed) and "Raw" button determines whether the list of data displayed, copied, or saved with the "List", "Copy", or "Save…" buttons respectively is the average value for the sample for each threshold combination (e.g. median value) or all values for each cell in the sample for all threshold combinations. Analysis. The "Analysis" tab has three subtabs ("Analysis Metrics", "Metrics Info" and "Custom"). The Analysis Metrics subtab has six metrics for measuring colocalization for two reporters (Fig. 4A ) and three metrics for three reporters (see previous section). Users may choose a threshold or no threshold for PCC, SRCC and ICQ. TOS and Manders' colocalization coefficients must have a threshold to be calculated. The Metrics Info subtab contains information and resources about the metrics used in the Analysis Metrics subtab (more details in the Supplementary Information). Thresholds can be selected using Costes' method 30 or manually. In the Custom subtab (see Supplementary Information for additional information), users can write their own code in Java TM to analyze images (note: the example provided is for calculating PCC) (Fig. 4B) . The "Compile" button tests the code and creates a temporary file in the Java temporary directory and displays the outcome of the compiling with a "Succeeded" or "Failed" label. If successful, the compiled custom code is read to the memory again and applied to the selected cells. The output of every analysis is a table that specifies the image and an identifier number for every cell (Fig. 4C) , and for each cell, values are provided for: (i) the selected metric; (ii) physical parameters; and (iii) average signal intensity for each channel (if selected). Note: "NaN" in the output table indicates the failure to calculate a value. Users can also generate summary windows (with the cell number, mean, median and standard deviation for the selected metric) (Fig. 4D) , histograms of metric values (Fig. 4E) , binary mask images, and a list of ROIs that represent each cell's position and number on each image in the ROI manager. ROI lists and binary mask images can be saved for re-analysis of the same cells. Selection of C. elegans so that only those individuals with an average intensity for the reporter signal that is above a threshold level are included in analyses. Left image shows the ROI manager with a list of ROIs that were hand-drawn around each C. elegans. Right image shows the reporter channel images with red outlines indicating the boundaries of the ROIs. C. elegans below the threshold level were excluded (yellow arrow) from the analyses by using the cell filters for signal intensity. Scale bar is 250 μm. In the first application of EzColocalization, images of rat hippocampal neurons from the Cell Image Library (CIL:8773, 8775-8788, which are attributed to Dieter Brandner and Ginger Withers) are used to demonstrate: (i) the use of a reporter channel for cell identification when an experiment does not have separate non-reporter images for cell identification; (ii) cell filters for selecting cells; and (iii) visualization tools for choosing metrics. The workflow of the analysis is outlined in Fig. 5A . In the first step, two reporter image stacks were created: one stack with images where F-actin is labelled (using a phalloidin peptide conjugated to rhodamine); and the second stack with images where tubulin is labelled (using an antibody conjugated to Alexa 488) (Fig. 5B) . The interaction of F-actin and tubulin is important for the growth and migration of neurons 31, 32 . We used the F-actin images for cell identification because it is present in all cells and it shows the cell boundaries 8 . Individual cells were selected from the F-actin images by applying a threshold to identify cells 24 and using a cell filter to remove cell debris (note: parameter values in Fig. 5A) .
After the cells were selected, the intensity of reporter signals were examined using cellular heat maps and scatterplots. We found the reporters did not colocalize at high signal levels and there was a complex relationship between the signal intensities (Fig. 5C,D) . Due to the latter, localization was quantified using Manders' M1 and M2 and TOS (Supplementary Information). M1 and M2 were evaluated at thresholds selected by Costes' method for the cell outlined in Fig. 5B , and the values were 0.289 and 0.995 respectively. These values are usually interpreted as indicating that tubulin has high colocalization with F-actin, and F-actin has low colocalization with tubulin. TOS values were evaluated by generating a metric matrix with median TOS values. The matrix showed colocalization, anticolocalization and noncolocalization at different thresholds for the signal intensities of tubulin and F-actin (Fig. 5E) . At sites in cells where F-actin and tubulin have the highest intensity signal (top 10% of pixels for each channel), the median TOS value is −0.36 (n = 20). This negative value indicates anticolocalization, which is consistent with the impression obtained from the heat maps and scatterplots, and with other reports 8 . In the second application, images of Saccharomyces cerevisiae undergoing mitosis were obtained from the Cell Image Library 33 to demonstrate: (i) cell identification via hand-drawn outlines (for experiments where automated methods of cell identification cannot be applied); and (ii) image alignment. The reporter inputs were an image from a wild type strain ("control"; CIL: 13871) that has the BFA1 protein that loads TEM1 onto the spindle pole body, and an image from a strain without the BFA1 protein (∆bfa1 deletion mutant; CIL: 13870). In these reporter images, cells expressed TEM1 protein fused to GFP and the DNA was labelled with DAPI (4′, 6-diamidino-2-phenylindole). TEM1 localizes to spindle pole bodies during mitosis and is implicated in triggering exit from mitosis 33 . The workflow is shown in Fig. 6A . In this application, ROIs were manually drawn around cells using the "Freehand" selection tool in ImageJ on DIC images. Binary masks, which were used to select cell areas, were created by selecting the ROIs and using the "Clear Outside" and then "Auto Threshold" functions of ImageJ 24 (Fig. 6B) . The cell areas were used for cell identification and to correct alignment between the DIC images and the reporter channels using the "Default" threshold algorithm (Fig. 6C) . Following this cell identification and image alignment, the images are now ready for visualization and analysis as described in the previous example.
In the third application, images of whole adult Caenorhabditis elegans obtained from the Broad Bioimage Benchmark Collection (BBBC012v1, M14) 34 were used to demonstrate that: (i) EzColocalization can analyze colocalization in whole organisms; and (ii) "cell" filters can select individual organisms based on reporter signal intensity. The images in this example are from the same dataset used in our study describing TOS (but they are not the same images) 8 . The workflow is shown in Fig. 7A . Outlines of individual C. elegans were drawn in ImageJ on bright-field images to create ROIs, and the ROIs were added to the ROI manager for "cell" identification. GFP expressed from the clec-60 promoter in the anterior intestine was reporter 1 and mCherry expressed from the myo-2 promoter within the pharynx, which is an organ next to the anterior intestine 35 , was reporter 2. Cell filters for physical parameters were unnecessary because only those objects considered to be suitable C. elegans had outlines drawn around them in the first place. However, cell filters for signal intensity were necessary because some C. elegans had low GFP signal, possibly due to transgene silencing 36, 37 (Fig. 7B) . Subsequent visualization and analysis can be performed as described in the first application.
In the fourth application, we demonstrate the analysis of colocalization for three reporter channels. The workflow was the same as for two reporter channels except "3 reporter channels" was first selected in the "Settings" main menu (Fig. 8A ). Images were obtained from the Broad Bioimage Benchmark Collection (BBBC025, Version 1, Image set: 37983, image: p23_s9) of U2OS bone cancer cells (n = 66) 38 . The three reporter images had DNA, endoplasmic reticulum (ER) and mitochondria respectively stained with Hoechst 33342, concanavalin A/Alexa Fluor488 conjugate, and MitoTracker Deep Red (upper row, Fig. 8B ). Cell identification was performed with an image of the plasma membrane labeled with wheat germ agglutinin (WGA)/Alexa Fluor 555 conjugate (upper left, Fig. 8B) . Note: the image also had the Golgi apparatus and F-actin network labeled 38 . The plasma membrane was traced using the polygon selection tool in ImageJ to create ROIs for the individual cells, and the ROI manager containing the ROIs was selected for cell identification.
The localization patterns were visualized in the same manner as for two reporters except that: (i) there are three sets of heat maps for the reporters instead of two (lower row , Fig. 8B) ; and (ii) scatterplots and metric matrices are in three dimensions (Fig. 8C-F) . There is the option in the Visualization tab and the Analysis tab (Fig. 8G) to measure colocalization for the three reporters using ICQ, TOS or Manders' M1, M2 and M3 metrics. Of the three metrics, we found that TOS was the easiest to interpret. TOS has a single value for measuring the colocalization of all three reporter signals, and it clearly showed the reporter signals for the nucleus, mitochondria and ER overlapped at low thresholds (i.e. at high F T values there is colocalization; red color in Fig. 8E ) and did not overlap at high thresholds (i.e. at low F T values there is anticolocalization; blue color in Fig. 8E ). These observations are consistent with the nucleus, mitochondria and ER organelles overlapping at their edges (where the signal from their reporters is typically lower) due to known physical interactions, but not at their centers (where the signal from their reporters is typically higher) because they are distinct structures in cells [39] [40] [41] .
Discussion
EzColocalization was designed to make it easier for researchers to determine where particular types of molecules occur in cells and organisms in relation to other types of molecules. In addition, EzColocalization can provide data on colocalization for each cell or organism in a sample, which is increasingly recognized as being crucial to understanding biological processes such as cell differentiation 42 , cancer 43 , and microbial pathogenesis 44 . Two of the most widely used applications for colocalization analysis are JACoP and Coloc2 10, 12 . JACoP is an ImageJ plugin that can generate pixel intensity scatterplots to visualize localization patterns and measure colocalization with a variety of metrics including PCC (Van Steensel's CCF method or Costes' randomization), Manders' M1 and M2, ICQ, and object based methods 10 . It also permits thresholds to be chosen manually or automatically using Costes' method 10 . Coloc 2 is a plugin for Fiji 12 , which builds on the functionality of JACoP by providing options to: analyze selected ROIs within single images, threshold images using a "bisection" algorithm, and measure colocalization with SRCC and Kendall's Tau rank correlation. Unfortunately, JACoP and Coloc 2 do not have built-in options to automate analyses or perform separate colocalization measurements for multiple objects in an image, therefore analyses can be challenging for images with a lot of background pixels or different cell types. The Wright Cell Imaging Facility (WCIF) has helped address these challenges by creating a colocalization plugin that can measure colocalization for individual cells by manually creating individual ROIs 11 , but this method cannot be easily automated to analyze many cells across many images.
In addition to the above, software has been reported for measuring colocalization in cells, particularly in cases where the signal is defined to distinct regions or foci. One of these applications is MatCol, which can identify overlapping objects after a threshold is applied, and then calculate if the measured overlap is significantly different to that expected if the same objects were randomly scattered 45 . Another reported script calculates object based colocalization in confocal images 46 from the percent overlap of the objects. A third program measures colocalization for three-dimensional images; it measures the proportion of thresholded objects in one channel that have their center of mass within thresholded objects of another channel 47 . There are practical barriers to the widespread use of these three programs including the need for additional software to identify cell areas and that they are written in Matlab or C++ (therefore users must be familiar with these programming languages to customize them).
To make it easy to optimize analyses, EzColocalization has a simple GUI that requires no programming experience unless a custom metric is created. The GUI template is based on one that is familiar to many microscopists. ImageJ also has a large library of tools that can be used with EzColocalization, and it is open source software 24 . ImageJ has options for creating stacks of images and thresholding images, which were incorporated into EzColocalization for automated analyses. EzColocalization also has tools for the input of images, cell identification, visualizing localization patterns, measuring colocalization, and for displaying and saving results.
EzColocalization can select individual cells from cell identification images using thresholds, ROIs, or binary mask images. Identification of individual cells allows pixels within cells to be discriminated from pixels in the background and non-cell objects. In addition, cell filters can limit analyses to a subset of cells with certain physical parameters and minimum signal levels. Filters are used to select cells instead of more advanced techniques for cell detection 48 because: (i) they do not require assumptions about cell features (therefore diverse cell types can be analyzed); and (ii) they are intuitive, which makes it easier for researchers to tailor settings for their experiments and identify if patterns of localization are associated with specific cell features.
The visualization tools (heat maps, scatterplots, and metric matrices) can help with choosing the appropriate metrics and thresholds for the analyses. The metric matrices are particularly useful for samples with non-specific binding or localization of probes. These matrices display colocalization values for multiple combinations of thresholds for signal intensity, which facilitates the selection of thresholds so the analysis includes pixels from cellular regions with high signal (due to specific localization) and excludes pixels from regions with low signal (due to non-specific localization).
EzColocalization can not only measure colocalization for two reporters but also for three reporters. The latter is a useful feature that is unavailable for most software applications for measuring colocalization. In addition, custom metrics can be programmed in EzColocalization.
The data table generated by the colocalization analysis is an important feature of EzColocalization. Because the value of the colocalization metric for each cell is provided, and not just the average measurement of colocalization for the sample, it is possible to examine the distribution of metric values, perform statistical analyses, calculate receiver operating characteristic curves, and analyze subsets of cells in heterogeneous samples 8 . The data table also lists the specific image and a unique identifying number for each cell, therefore researchers can examine the images to determine why different cells have different measurements. The data tables can be downloaded and used in any spreadsheet application, which makes the data accessible to researchers without programming experience. Furthermore, the values for the physical parameters, signal intensity, and colocalization metrics can be retrieved from the tables (if the check box is selected) for more sophisticated multivariate analyses, including clustering, classifying and ordination methods.
In conclusion, EzColocalization is an ImageJ plugin with a user-friendly GUI, tools for start-to-finish analysis of colocalization, and many options to customize analyses. The tools are provided to select specific types of cells or organisms, visualize and measure colocalization, and automate analyses. The analysis generates a data table with measurements of colocalization, signal intensity and physical parameters for each cell, which allow users to delve deep into their data. Together these features make EzColocalization ideal for researchers at all levels, and for analyzing heterogeneous samples and complex patterns of localization.
